Abstract Flux transfer events (FTEs) are magnetic structures generated by time-varying reconnection at the dayside magnetopause. Understanding their generation mechanism is important, because it is necessary in order to understand the global contribution of FTEs to the convection process. We present observations of several FTEs sequentially observed by Cluster at the subsolar magnetopause. Cluster detected also several reconnection jets, which seem to be systematically associated with the trailing edge of the FTEs. This association is expected only in the FTEs formed by single X line reconnection but could be compatible also with the multiple X line model, when reconnection at one X line is dominant. Instead, it does not seem compatible with original mechanism proposed by Russell and Elphic (1978) . For a large FTE, not associated with any reconnection jet, the Grad-Shafranov reconstruction obtained from Cluster 1 data recovers a flux rope, indicative of multiple X line reconnection. This same FTE was detected also by Cluster 3, which observed an asymmetric signature in the magnetic field component normal to the magnetopause. We show that this asymmetric signature was caused by an outward motion of the magnetopause. The orientation of the other FTEs, obtained from a Grad-Shafranov optimization, shows considerable spread, despite the relatively steady conditions. Our interpretation is that a combination of single and multiple X line reconnection generated these FTEs. The FTEs in the first part of the crossing, associated with reconnection jets, are generated by the single X line model and may therefore not satisfy the Grad-Shafranov assumptions so well. Instead, the last FTE, slower, bigger, and well separated from the previous ones, may be formed by multiple X line reconnection.
Introduction
were the first to use the term flux transfer event (FTE) to describe the rapid bipolar oscillations in the component of the magnetic field perpendicular to the magnetopause (B N ), which are often observed in proximity of the dayside magnetopause. These authors interpreted these bipolar signatures as the result of time-varying reconnection at the magnetopause. Similar B N signatures could also be due to the deformation of the magnetopause caused by solar wind pressure pulses or surface waves traveling along the magnetopause surface [Lemaire et al., 1979; Sibeck et al., 1989; Sanny et al., 1996] . However, since the plasma inside the FTEs consists of a mixture of magnetosheath and magnetospheric plasmas [Daly et al., 1981] , there is a general consensus that these FTEs are a reconnectionrelated phenomenon [Lockwood and Hapgood, 1998 ]. Nevertheless, the generation mechanism of FTEs remains unclear, and therefore, several different models have been proposed.
In the original Russell and Elphic [1978] model, FTEs are elbow-shaped flux tubes of reconnected field lines generated by a burst of reconnection along a localized reconnection site, while the rest of the magnetopause remains a closed boundary. Sonnerup [1987] pointed out that in the Russell and Elphic [1978] model, the interaction of the FTE with the magnetic field lines inside the magnetopause generates induced currents, which in turn produce the twist of the field lines inside the FTEs. In this model, the bipolar B N signature outside the FTE is related to the draping of the magnetosheath and magnetospheric field lines around the FTE, while inside the FTE the B N signature is due to the helical topology of the FTE field lines (a flux rope topology).
Studying how FTEs are generated is relevant because it helps to understand how magnetic reconnection occurs at the dayside magnetopause. Moreover, which of these models occurs affects also the amount of magnetic flux that is opened by each FTE [Fear et al., 2008] . All these different FTE models predict the same characteristic bipolar B N signature observed at the magnetopause; however, the predictions are quite different for the overall FTE geometry, motion, and field topology. Therefore, detailed analysis of plasma and magnetic field data measured by the spacecraft during the FTEs can give useful indications about their generation mechanism.
For example, when the magnetic shear angle is large, the orientation of the FTE axis and the scale size of the FTEs along the magnetopause are critical parameters to understand the FTE generation mechanism. In both the single and multiple X line models the FTEs are expected to have an extended magnetopause section with the axis roughly parallel to the X line direction and therefore should be structures more elongated along the azimuthal direction. In contrast, in the Russell and Elphic model, the FTE axis should be along the magnetosheath or magnetospheric fields, i.e., along the north-south direction, and therefore, the FTE latitudinal scale should be larger than its azimuthal scale.
Several studies reported FTEs with the axis approximately aligned with the X line direction, which are more in agreement with the extended (single or multiple) X line models [Trenchi et al., 2011; Fear et al., 2012] . Consistent with this interpretation, FTE scale sizes obtained from multispacecraft studies are sometimes found to be more extended along the azimuthal extent [Fear et al., 2008] , but on the other hand, some studies report events that are more extended along the poleward direction [Kawano and Russell, 2005] .
The detailed analysis of the characteristics of the plasma inside the FTEs can help to distinguish among the various generation mechanisms [Lockwood and Hapgood, 1998; Varsani et al., 2014] . Moreover, also the relation of the FTEs with reconnection jets can give important indications to understand the origin of the FTEs. Several studies reported FTEs bounded by two converging reconnection jets and interpreted these as the evidence of multiple X line generation mechanism [Hasegawa et al., 2010; Trenchi et al., 2011; Øieroset et al., 2011; Zhang et al., 2012; Zhong et al., 2013; Pu et al., 2013] .
Another complementary approach consists of the analysis of the magnetic field topology of the FTEs by adopting the Grad-Shafranov reconstruction technique. This method produces magnetic field maps that give a direct visualization of the magnetic field configuration in extended regions near the spacecraft. Several studies based on the Grad-Shafranov method have reported FTEs that are magnetic flux ropes characterized by strong axial fields, suggesting a multiple X line generation mechanism [Sonnerup et al., 2004; Hasegawa et al., 2006 Hasegawa et al., , 2010 .
In this paper, we present the detailed analysis of several FTEs sequentially observed by Cluster spacecraft during the magnetopause crossing observed on 27 March 2007. This particular interval has previously been studied by Fear et al. [2010 Fear et al. [ , 2012 but has two major features which make it attractive for further study in order to investigate the differences between formation mechanisms: the magnetic shear angle was very large and the interspacecraft separation was approximately 9000 km. In this paper, we examine the relative position of the reconnection jets with respect to these FTEs, and we determine the orientation of these FTEs from the Grad-Shafranov analysis and from multispacecraft analysis. We also perform Grad-Shafranov reconstruction to recover the magnetic field topology of a large FTE. The results of these analyses are discussed in the framework of the main FTE models cited above. Figure 1 displays the plasma and magnetic field data measured by Cluster 1 on 27 March 2007 during the magnetopause crossing which occurred near the subsolar point at (9.2, −1.3, 2.8) GSM R E . Figure 1 TRENCHI ET AL.
Event Overview
A SEQUENCE OF FTES OBSERVED BY CLUSTER (first to third panels) shows the ion density, temperatures, and velocity vector measured by the Hot Ion Analyzer (HIA) [Rème et al., 2001] , while Figure 1 (fourth panel) displayed the magnetic field components measured by the fluxgate magnetometer (FGM) instrument [Balogh et al., 1207] . For the velocity and magnetic field vector, we used here the same local boundary normal reference frame (LMN) [Russell and Elphic, 1978] determined by Fear et al. [2012] from the minimum variance analysis: the N direction is outward along the local magnetopause normal, while L andM are in the plane defined by N, being northward and dawnward, respectively. The magnetic field orientation is also displayed in Figure 1 (fifth panel) using the two polar angles defined as
Before 5:08 UT Cluster 1 was located in the magnetosphere, where it detected magnetospheric plasma characterized by low density (n < 1 (cm −3 )) and high temperature (T ∼ 2000 eV) and the magnetic field was along positive L. A complete outbound magnetopause crossing into the magnetosheath was observed around 05:08 UT, when the B L component became negative and the plasma density increased above 10 cm −3 . Moreover, Cluster 1 observed several other encounters with the magnetopause boundary layer, where the TRENCHI ET AL.
A SEQUENCE OF FTES OBSERVED BY CLUSTER 8626 The B N magnetic field component and consequently Λ B are nearly zero on average, but they exhibit several positivenegative bipolar perturbations, both before and after the MP crossing, which are typical signatures of flux transfer events (FTEs) with standard polarity. The grey shadings highlight some of the more clear FTEs observed during this interval. In particular, the FTE numbers 1-9 are taken from the "core crossing" events C1-C9 identified by Fear et al. [2012] for Cluster 1.
The Transition Parameter
An estimation of the relative position of Cluster 1 with respect to the magnetopause as a function of time can be obtained from the value of transition parameter, which is based on plasma density and temperature measured at the magnetopause or in the boundary layer Bryant, 1990, 1992; Fear et al., 2005; Bogdanova et al., 2008] . Indeed, according to the model of Lockwood et al. [1996] , the mixing of the magnetosheath and magnetospheric populations in the boundary layer is related to time of flight effects in the reconnection layer. In particular, the magnetosheath and magnetospheric populations experience a velocity cutoff at the two rotational discontinuities emanating from the reconnection site [Petschek, 1964] . The value of the velocity cutoff changes gradually inside the reconnection layer, and it becomes infinite at the separatrix. Therefore, the value of the transition parameter can be considered as a measure of the penetration of the spacecraft into the boundary layer [Lockwood and Hapgood, 1997] .
In the scatterplot in Figure 2 , we display on a log-log scale the ion-perpendicular temperatures as a function of the ion densities measured by Cluster 1 in the time interval 05:00-05:30 UT (the time of each measurement is shown by the color scale), and the black line is the fourth-order polynomial best fit. The magnetosheath proper is located in the bottom right corner of this graph, characterized by low temperature and high density, while the measurements in the magnetosphere are located in the top left corner, where the plasma temperature is high and the density is low.
The points in central part of this graph refer instead to the boundary layer. Often, it is found that two sublayers with different properties form the boundary layer: an outer boundary layer, similar to the magnetosheath population but with lower density, and the inner boundary layer, more similar to the magnetospheric population, where a gradual variation of the temperature is observed [Song et al., 1990] . Here instead, we have several measurements in the inner boundary layer (Log(N) < 0.5 cm −3 ) but very few in the outer boundary layer. This feature is consistent with the thin boundary layer expected when the interplanetary magnetic field is southward [Mitchell et al., 1987; Němeček et al., 2015] , as it is during this magnetopause crossing.
We note in passing that the transition parameter is usually calculated from electron densities and temperatures. For this interval event, the transition parameter based on electron data (not shown) shows a similar trend to the transition parameter based on ion. However, it has a lower sensitivity during the magnetosheath interval and hence the variations through FTEs 6 to 8 are not as clearly drawn out. For this reason we used the transition parameter based on ion data.
Each data point in this figure is projected onto the nearest point along the fitted curve. The transition parameter (TP) is defined as the distance of the projected points along this curve, normalized to the extrema, defined as 0 in the magnetosheath side and 100 in the magnetospheric side. The values of the TP are reported in Figure 1 (first panel) (right-hand axis).
Before the magnetopause crossing, the TP was large and stable, except for the two small decreases observed during the FTEs 1 and 2. The TP showed a substantial decrease at the magnetopause crossing, remaining smaller than 20 after 5:08 UT. TP was approximately 5 during the magnetosheath proper and ∼15 during the encounters with the boundary layer. Most of these encounters with the boundary layer occurred in coincidence with the FTEs since the passage of the FTE structures produced a deformation of the magnetopause that caused the approach of the spacecraft with the magnetopause [Hapgood and Lockwood, 1995] .
FTE Relation With Reconnection Jets
A key feature of this magnetopause crossing that has not previously been discussed is the relation between FTEs and the plasma jets observed by Cluster 1, characterized by enhanced velocity with respect to the adjacent magnetosheath along the positive L direction (e.g., at 5.08, 5.15, and 5.17 UT). In order to test if these jets are related to magnetic reconnection, we performed the Walén test in the spacecraft reference frame. This test is particularly useful since it allows an easy identification of the time intervals that satisfy the Walén relation (i.e., reconnection jets), and it has been successfully applied in several studies of magnetic reconnection at the magnetopause [Paschmann et al., 1986; Phan et al., 1996; Trenchi et al., 2008] . For each data point in the data interval shown in Figure 1 , we compared the observed velocity jump relative to a reference value in the magnetosheath V − V MSH (the magnetosheath reference is highlighted in Figure 1 by the yellow shading) with the expected velocity jump ΔV th predicted by the Walén relation:
where
2 is the anisotropy factor calculated from the difference between the parallel and perpendicular pressures [Hudson, 1970] . Comparing these two vectors, we obtained the two parameters used to evaluate the agreement of the Walén relation: R W as the ratio of their absolute values and Θ W as their relative angle, displayed in Figure 1 (fifth panel). We considered here that the Walén relation is satisfied when R W >0.4 and Θ W < 30 ∘ for observations northward of the reconnection X line, while it is satisfied when R W >0.4 and Θ W >150 ∘ for observations southward of the X line (more details in Trenchi et al. [2008] ).
The light blue shadings in Figure 1 highlight the data intervals at the MP or in the boundary layer that satisfy the Walén relation, and that can be therefore considered as reconnection jets. All these reconnection jets satisfy the Walén relation with positive sign (Θ W <30 ∘ ), which means that Cluster is northward of the X line. This is consistent with the positive-negative polarity of the FTEs, which is expected for FTEs moving northward of the X line. Moreover, the X line location is probably stable during this event, since the X line motion due to the diamagnetic drift effect is negligible, given the small guide field resulting from the high magnetic shear angle [Trenchi et al., 2015] .
It can be noted that all these reconnection jets are observed during the second half of the FTEs 3 and 6-8, where the B N component was negative. For these FTEs we performed also the Walén test in the de Hoffmann-Teller reference frame, including both the leading and the trailing edges, shown in the supporting information. During the FTEs 6-8, which are observed on the magnetosheath side of the magnetopause, the deepest penetration into the boundary layer is observed approximately at the center of the FTEs, where the TP reaches its maximum value. FTE 3 appears to be observed exactly as the spacecraft crosses the magnetopause, but careful examination of the TP shows that the TP increases back toward magnetospheric values on the trailing edge; therefore, this event is observed just on the magnetospheric side of the magnetopause. Therefore, for FTE 3, the maximum penetration into the boundary layer corresponds to the minimum value of TP, also in this case approximately at the center of the FTE. For all these FTEs, the reconnection jet is observed TRENCHI ET AL.
A SEQUENCE OF FTES OBSERVED BY CLUSTERafter the maximum penetration into the boundary layer, when the TP has the same value as in the first half of these FTEs. This suggests that the detection of the reconnection jets is not related to the deepest penetration into the boundary layer, but instead, these reconnection jets are propagating at the trailing edge of the FTEs. This feature can give some important information about the FTE generation mechanism.
Indeed, these reconnection jets at the trailing edge of the FTEs suggest the single X line model [Scholer, 1988; Southwood et al., 1988] , which is the only FTE model that explicitly predicts a reconnection jet moving in the same direction of the FTE, propagating at his trailing edge [Lockwood and Smith, 1994] . In the other FTE models, the expected relation with reconnection jets is different.
In the original Russell and Elphic [1978] model, the magnetic tension of the elbow-shaped FTE field lines could cause a poleward acceleration of the plasma inside the FTE even if reconnection is not active at the time of FTE observation, i.e., if the FTE is no longer magnetically connected to the reconnection site. This poleward acceleration is expected only when the FTE size exceeds a certain critical dimension [Sonnerup, 1987] . In this model, however, the velocity increase should be observed throughout the entire FTE, and not only at its trailing edge.
In the multiple X line model [Lee and Fu, 1985] , two converging reconnection jets at the borders of the FTE are expected when the FTE is observed during its formation [Hasegawa et al., 2010; Trenchi et al., 2011; Øieroset et al., 2011; Zhang et al., 2012; Zhong et al., 2013; Pu et al., 2013] . Therefore, for this model the discrepancy with respect to our observations is the lack of the southward reconnection jet at the leading edge of the FTEs. The lack of southward jets could be justified in the context of multiple X line reconnection, if reconnection at the northward reconnection line is not active when the FTEs are observed. In this case, in effect, a combination of both multiple X line model and single X line model contributes to the formation of the FTE, and the FTE would consist of a flux rope in the FTE center, generated when reconnection was active at both the X lines, and open field lines produced by single X line reconnection in the more external FTE region [see Hasegawa et al., 2010 , Figure 1c ].
Grad-Shafranov Analysis
In order to further investigate the suggestion that single X line reconnection may play a key role in the formation of the flux transfer event signatures observed on this magnetopause crossing (possibly supported by multiple X line reconnection through a much less active secondary X line), we analyzed all these FTEs using the Grad-Shafranov (GS) reconstruction. This method can be applied to any plasma/magnetic field structures that are approximately in two-dimensional (2-D) MHD equilibrium and produces magnetic field maps that give a direct visualization of the magnetic field configuration in extended regions near the spacecraft [Sonnerup et al., 2006] . This method, first developed by Sonnerup and Guo [1996] to study the structure of magnetopause current layer, has been successfully applied to a variety of coherent magnetohydrostatic structures observed in the solar wind Sonnerup, 2001, 2002; Hu et al., 2004] at the magnetopause [Lui et al., 2008; Hasegawa et al., 2010] and in the magnetotail [Möstl et al., 2009] .
One important part of the GS reconstruction consists of the determination of the invariant axis of the structure. For this purpose, it is very useful to use the optimization procedure based on the GS equation, which identifies the invariant axis (z) as the direction along which the transverse pressure P t (defined as
) is a single-value function of the z component of the vector potential A [Hau and Sonnerup, 1999; Hu and Sonnerup, 2002] . Fear et al. [2012] used one of these procedures to determine the orientation of the FTEs examined in the present study, assuming that the FTE axes are contained in the magnetopause plane [Hau and Sonnerup, 1999] . They performed this optimization using only the data measured in the FTE cores, where the characteristics of the electron distribution function suggested that the spacecraft was on open field lines, and they evaluated the correlation between P t and A with the Spearman's rank correlation coefficient. With this approach, they obtained the orientations of all the nine FTEs, but they only considered four of the FTEs to have reliably determined axes (the FTEs 3, 5, 6, and 9 in Figure 1 ), because the other axial determinations were either based on a small number of data points or were characterized by a poor correlation between P t and A.
However, strictly speaking, it is not necessary to restrict the GS analysis to the FTE core. For this reason we performed again this analysis, but in this case we used adaptive data intervals with the procedure described below, which allowed us to consider, for each FTE, more data points with respect to the previous analysis. We adopt here the procedure illustrated by Hu and Sonnerup [2002] , which is also based on the requirement that TRENCHI ET AL.
A SEQUENCE OF FTES OBSERVED BY CLUSTER Figure 3 . Each panel illustrates behavior of P t (A) (red lines) for the six FTEs for which we obtained reliable results from the Grad-Shafranov analysis. The black lines report the polynomial fits of P t (A) used for the GS analysis, and the blue lines represent the 95% confidence bands of the fit. These time intervals are selected from the optimization procedure, as the ones that show the lowest fitting residual R f , i.e., the ones that better satisfy the GS assumptions.
the transverse pressure P t is a function of the magnetic vector potential A alone, but it searches the invariant axis in the three-dimensional space. The deviation between P t and A is obtained from the fits of P t (A) in the first and second parts of the signature (the entry into and exit from the FTE), using both second-and third-order polynomials (as illustrated by Sonnerup, 2002 [2002, Figure 1] ), and as a comparison, we also evaluated the Spearman's rank correlation coefficient between P t and A [Fear et al., 2012] .
For each FTE this optimization procedure is repeated several times, considering, each time, data intervals with different durations: we changed the starting times of the data interval analyzed by this optimization procedure every run, while the ending times are automatically determined by this procedure as described by Hu and Sonnerup [2002] . In this way, for each FTE we identified the data interval that best satisfies the GS assumptions, as the time interval that shows the lowest deviation between P t and A (measured from the fitting residual R f , using the same procedure as the one used in Trenchi et al. [2013] ). This interval is chosen as the final data interval for the GS analysis (P t versus A plots shown in Figure 3 ). We consider here that the results of this procedure are reliable and robust when (1) the orientations obtained by evaluating the correlations of P t (A) with the three methods described above (fits of P t (A) with second-and third-order polynomials and Spearman's rank correlation coefficient between P t and A) are similar enough (deviations smaller than 10 ∘ -15 ∘ ) and (2) the orientations remain stable using the data intervals of different duration.
With this procedure, we found reliable orientations for FTEs 1-3, 6, 7, and 9, which are shown in Figure 4 in the magnetopause L-M plane. It can be noted that the FTE orientations obtained from the GS analysis show considerable spread, even though the magnetosheath magnetic field orientation was stable during this time interval. With the exception of FTE 6, the orientation of each individual FTE agrees with the orientation determined by Fear et al. [2012] (see their Figure 11 ) to within 20 ∘ . However, the major difference between our results and those of Fear et al. [2012] lies in the determination of which axes are considered as reliable.
According to the GS analysis in this study, FTE 9 is the only FTE that has an axial orientation similar to the X line direction (which should be approximately along the M axis according to the component merging model [Sonnerup, 1974; Gonzales and Mozer, 1974] fields are nearly antiparallel), while the orientations of the other FTEs (1-3, 6, and 7) differ substantially from the X line direction.
However, the choice of events determined to be reliable is not in agreement with Fear et al. [2012] who, according to their analysis, considered reliable only the FTE orientations oriented approximately along the dawn-dusk direction. The same orientation was also obtained from minimum variance analysis of "draping" FTE signatures observed earlier on the same crossing [Fear et al., 2012] . Moreover, if Cluster 1 is observing a portion of the FTE where the curvature of the FTE structure is not negligible, the Grad-Shafranov technique would probably fail, because the two-dimensional approximation required by the GS equilibrium is violated. For this reason, in the next section we tried to evaluate the orientation of these FTEs from the multispacecraft analysis, examining the magnetic field data measured by the other Cluster spacecraft. Figure 5 shows the positions of the Cluster spacecraft relative to Cluster 3 during this magnetopause crossing, in LMN coordinates. In the LM plane, Cluster 1-3 are separated by 8500 km each other approximately, being at the vertices of an equilateral triangle, while Cluster 4 is quite close to Cluster 3. Conversely, their separation along N is much smaller (<1200 km). With this large separation, it is possible to determine the velocity and axial orientation of these FTEs from the multispacecraft timing, exploring the large-scale geometry of the FTEs. This analysis is based on the hypothesis that the axes of the FTE structures lie approximately in the magnetopause plane. The similarity between the magnetic field signatures detected by different spacecraft can be interpreted as a proof that the observed FTE structure has an axial extension larger than the spacecraft separation. With this respect, this method can be considered more reliable than the GS analysis. On the other hand, this method is based on the hypothesis that the similar magnetic signatures observed by the various 
Orientation From Multispacecraft Analysis
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A SEQUENCE OF FTES OBSERVED BY CLUSTER spacecraft are caused by the same FTE structure extended along the magnetopause. Caution should be taken, as Fear et al. [2010 Fear et al. [ , 2012 have shown that there were clear differences between the FTE signatures observed at the different spacecraft, indicative that some of the FTE structures are spatially patchy on the scale of the separation of the spacecraft for this period.
Fear et al.
[2010] used the multispacecraft timing method to determine the velocity and orientations of a subset of the FTEs detected by Cluster during this magnetopause crossing. Note that in contrast with the FTE identification used in the present study, which is the same as one of Fear et al. [2012] and it is based on the clearest FTE signatures observed by Cluster 1, Fear et al. [2010] selected FTEs based on their occurrence at all four spacecraft, which included some events for which the signature of B N detected by Cluster 1 was smaller, and therefore are not included in the present analysis. In order to identify the FTEs that are observed by all four spacecraft, Fear et al. [2010] examined the B N field component only. They found five FTEs that can be reliably associated at all four spacecraft, and they were all characterized by velocities directed mainly poleward, with small velocity components along M direction. This means that the FTE axes are all approximately aligned with the M direction, within ±20 ∘ (see their Table 1 ). Only one of the five FTEs that they argued to be observed by all four spacecraft corresponds to one of the nine FTEs examined in the present study (FTE 9).
In this study we reexamine the magnetic field data measured by the four Cluster spacecraft, to verify if any of the nine large FTEs observed by Cluster 1 and analyzed with the GS optimization can be reasonably associated with the FTEs observed by the other Cluster spacecraft. Differently from the previous analysis, in order to provide further confidence in the associations between signatures observed at the different spacecraft, we visually inspected here all three magnetic field components. We found that also FTE 6 observed by Cluster 1 can be reasonably associated with signatures at other Cluster spacecraft, given the similarity in the signatures in the B L and B M perturbations with high Pearson's correlation coefficient (see Figure 6 ), as well as FTE 9. 
The time shift that corresponds to the minimum deviation 2 was chosen as the best time shift. The same procedure was used to determine the best time shift for the Cluster 4 data. The data from Cluster 4 are used instead of Cluster 3 data, since Cluster 4 was closer to the magnetopause during this magnetosheath interval, and therefore, the signatures of both FTEs 6 and 9 were clearer. This method is similar to the one adopted by Malaspina and Gosling [2012] to match the solar wind discontinuities observed by the two Stereo spacecraft. Figure 6 shows the magnetic field data measured by Cluster 1 together with the data measured by Cluster 2 and Cluster 4 delayed with the best time shift, in a 10 min interval around FTE 6 and FTE 9. At the top of each panel are reported the best time shifts and the average Pearson's correlation coefficients obtained as the average values of the three Pearson's coefficient relative to each LMN magnetic field components measured by Cluster 1 and Cluster 2 or Cluster 1 and Cluster 4 during these FTEs.
For FTE 6, we found a very good correspondence in magnetic field data measured by Cluster 1 with the data measured by both Cluster 2 and Cluster 4 and the corresponding average Pearson's correlation coefficients are high. In this case, even though Cluster 2 and Cluster 4 observe several other adjacent FTEs with similar B N signatures, we believe that this association is reliable given the similarity of the signatures observed both in B L and B M components by all the three spacecraft.
In contrast, for FTE 9 we found a good correspondence only with the data measured by Cluster 2, since Cluster 4 observed an asymmetric signature in the B N component during this FTE, which is the main reason for the lower average Pearson's correlation coefficient. These asymmetric FTEs are often observed at the magnetopause and are called FTEs with "irregular polarity" [Rijnbeek et al., 1984] . In this case, however, this FTE is more isolated and the general trends of the three magnetic field components measured by Cluster 1 and Cluster 4 are quite similar both before and after the FTE. Therefore, we also consider this association reliable.
The fact that all the four Cluster spacecraft with this large separation detect these FTEs suggests that these FTEs 6 and 9 have a large axial extension along the magnetopause, and therefore, the two-dimensional geometry assumed by the GS reconstruction is a good approximation. The axial orientations obtained from multispacecraft timing for these FTEs are shown in Figure 6 (right column), where we also reported the orientations obtained from the GS analysis for comparison.
Although the orientations from multispacecraft timing show a reasonable agreement with the ones obtained from the GS optimization (the deviation is approximately 15 ∘ ), the deviations of the FTE axis with respect to the orientation of the X line (along the M axis) are now smaller with respect to the FTE axis obtained from GS analysis. These smaller deviations of the FTE axes with respect to the X line orientation, even if there is still a nonnegligible difference between the orientations of the two FTEs (35 ∘ ), are probably more consistent with the magnetopause sections of the FTEs generated by the extended X line models (single or multiple). Indeed, if we consider that reconnection could start at different times, or it could occur with different reconnection rates along the X line (X lines), the resulting FTE could be tilted with respect to the X line. A positive angle is expected on the side of the X line where reconnection starts first or where it has a higher reconnection rate (see the schematic in Figure 7 ).
Grad-Shafranov Reconstruction of FTE 9
In the final step of our analysis, we performed GS reconstruction for FTE 9, adopting the axial orientation that we obtained from multispacecraft method.
This FTE differs from the other FTEs on this crossing in several respects. It is not associated with any reconnection jet. It is also the only FTE with an axis approximately aligned with the X line orientation according to both the GS and the multispacecraft method, and it is detected by all the four Cluster spacecraft. This suggests that it is extended along the magnetopause, and therefore, it satisfies well the two-dimensional geometry TRENCHI ET AL.
A SEQUENCE OF FTES OBSERVED BY CLUSTER 8633 Figure 7 . A scheme that illustrates an FTE with the axis tilted with respect to the X line, considering a reconnection that started at different times and/or is ongoing with different reconnection rates along the X line.
assumed by the GS analysis. Moreover, the axes determined from GS and an alternative method based on Faraday's law are remarkably consistent with each other and with the results of the Faraday's law method applied to the same signature at Cluster 2 [Fear et al., 2012] . This suggests that the underlying assumptions of these methods are better satisfied for this event than the others. Furthermore, the velocity of this FTE is similar to the local magnetosheath velocity, whereas the others move at faster speeds [Fear et al., 2010] ; the different velocities could be consistent with FTE 9 being formed by multiple X line reconnection and the others being formed by a single X line, since modeling studies predict that multiple X line flux ropes should be embedded in the magnetosheath flow, whereas FTEs formed by single X line reconnection should move faster due to the magnetic tension force Sibeck, 1998, 2000] .
The result of this reconstruction obtained from the data measured by Cluster 1 is shown in Figure 8 . Figure 8 (top left) shows the magnetic field components measured inside the FTE in the local reference frame used for the GS reconstruction: Z (along the FTE axis = dawnward) and X (along the velocity of the FTE = northward) are contained in the LM magnetopause plane, while Y is along magnetopause normal N, outward. In Figure 8 
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as a function of the vector potential (A), and the black line is the polynomial fit of P t (A) used to perform the reconstruction. (bottom) The magnetic field map obtained from the GS reconstruction.
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(top right), shown are the plasma pressure (p p ), the magnetic field pressure
, and the total transverse pressure
measured inside the FTE as a function of the vector potential (A), and the black line is the polynomial fit of P t (A) used to perform the reconstruction. Both p p and P m , and consequently P t , are single-valued functions of A, and this suggests that the FTE orientation determined from the multispacecraft timing satisfies well the GS equilibrium equation.
Figure 8 (bottom) shows the magnetic field map obtained from the GS reconstruction, following the integration scheme illustrated by Hau and Sonnerup [1999] , in a rectangular box with a small aspect ratio (y∕x = 1∕4). This small aspect ratio ensures that the majority of the field lines in the reconstruction plane are connected with the spacecraft trajectory and therefore are obtained without extrapolation of P t (A). In this way, the reconstruction is more reliable. The field lines not magnetically connected with the spacecraft trajectory are colored in grey, while in the colored field lines the color scale represents the value of the vector potential A.
At the center of the structure, the GS reconstruction recovers several closed field lines in the reconstruction plane, and the same closed field topology can be inferred also for some of the outer field lines, even though they go outside the reconstruction plane. Cluster 1 crosses this structure slightly off the center, remaining on the magnetosheath side of the FTE, as deduced by the negative sign of the (B x ) component. At the center of this FTE the plasma pressure slightly decreases; therefore, this structure is not in a force-free equilibrium, while the axial magnetic field (B z ) increases. In three-dimensional space, this configuration would result in a flux rope with nested helical field lines. This field topology is expected in the FTEs formed by multiple X line reconnection and is typical of the topologies reproduced by GS reconstructions of FTEs [Sonnerup et al., 2004; Hasegawa et al., 2006] .
The cross section of this FTE, more elongated in the direction parallel to the magnetopause plane (X direction) and more flat along the magnetopause normal (Y direction), could be the result of the draping of the adjacent magnetosheath and magnetospheric field lines around the FTE. The shape of FTE 9 is different from the one obtained by Hasegawa et al. [2010] , who analyzed an FTE bounded by two converging reconnection jets and obtained a shape more elongated in the N direction. They suggested that the FTE elongation along the N direction was due to effect of the two converging jets that compressed the FTE along the L direction. Therefore, the shape obtained for FTE 9, together with the lack of adjacent reconnection jets, suggests that this FTE is observed after its formation, when reconnection at both X lines has already stopped. Figure 9 illustrates the reconstruction of FTE 9 performed with Cluster 3 data, with the same format as Figure 8 . In this reconstruction, several field lines are not magnetically connected with the spacecraft path (grey lines), and several other field lines are sampled by Cluster 3 only one time. Therefore, this reconstruction is probably less reliable and should be considered only qualitatively. In Figure 9 (top right), shown are the velocity and magnetic field components measured by Cluster 3 in a 25 min window about this FTE, using the LMN reference frame. The grey shading highlights the data interval used to perform the reconstruction.
In this reconstruction several open field lines are recovered, which are bent toward the magnetospheric side only in the second half of the FTE, in correspondence with the observed irregular negative (B y ) (B N ) signature. A possible explanation for this reconstruction is that this FTE is generated by a combination of single and multiple X line reconnection, and Cluster 3 is observing the more external part of this FTE, characterized by open field lines in the reconstruction plane, generated by single X line reconnection [see Hasegawa et al., 2010, Figure 1c] . However, Cluster 3 does not detect any accelerated plasma flow along the L direction at the trailing edge of this FTE (i.e., any reconnection jet; see Figure 9 (top right)), which would be expected in the single X line model. Therefore, the lack of this jet is not in agreement with this hypothesis.
Another possible interpretation suggests that during the first part of the reconstruction, this magnetic structure is farther away from Cluster 3, outside the reconstruction plane along negative Y (negative N); i.e., Cluster 3 is farther from the magnetopause. Then, an outward motion of the magnetopause brings Cluster 3 closer to the center of the FTE during the second part of the reconstruction, when the negative B y signature is observed. The behavior of the normal velocity component measured by Cluster 3 during this FTE (V N in Figure 9 (top right)) confirms this interpretation. Indeed, even though V N shows a bipolar signature during this FTE as expected, the positive fluctuation of V N detected during the first part of the FTE has a much larger value and a longer duration than the negative fluctuation. This suggests that Cluster 3 observed an outward motion of the magnetopause during this FTE. The average value of V N during this FTE (grey shading in Figure 9 TRENCHI ET AL. 
Discussion
In this paper, we performed different analyses on several FTEs sequentially observed by Cluster 1 during the magnetopause crossing observed on 27 March 2007 near the subsolar point, in order to understand their generation mechanism.
During this magnetopause crossing, Cluster 1 detected several reconnection jets, and the relative position of these jets with respect to the FTEs provides important indication about the FTE generation. In particular, these reconnection jets, identified by means of the Walén test, are all directed northward, in the same direction as the FTE motion, and they are all located at the trailing edge of the FTEs. The use of the transition parameter allowed us to ascertain that these reconnection jets are not observed during the deepest penetration into the boundary layer but are instead propagating at the trailing edge of the FTEs. The presence of these reconnection jets is suggestive of the single X line model [Scholer, 1988; Southwood et al., 1988] , which explicitly predicts a reconnection jet moving in the same direction of the FTE propagating along its trailing edge [Lockwood and Smith, 1994] . Instead, in the original Russell and Elphic [1978] model a poleward acceleration of the plasma could be detected inside the FTE, but the velocity increase should be observed during the entire FTE and not only at its trailing edge [Sonnerup, 1987] . In the multiple X line model [Lee and Fu, 1985] , two converging reconnection jets at the borders of the FTE are expected if the FTEs are observed during their formation [Hasegawa et al., 2010; Trenchi et al., 2011; Øieroset et al., 2011; Zhang et al., 2012; Zhong et al., 2013; Pu et al., 2013] . The lack of the southward reconnection jets at the leading edge of the FTEs could be explained possibly also in the context of multiple X line reconnection, if reconnection at the southern X line is more active and reconnection at the northern X line is not active when the FTEs are detected. In this case, a combination of single and multiple X line reconnection would be responsible for the generation of the FTEs. These two mechanisms are not necessarily mutually exclusive-it may simply be a balance of reconnection rates at two X lines [Hasegawa et al., 2010] . However, no southward reconnection jet is detected during the entire magnetopause crossing and the northward reconnection jets seem to be systematically associated with the trailing edge of the FTEs. Therefore, it seems that these FTEs associated with reconnection jets at the trailing edge are generated by the single X line model.
TRENCHI ET AL. A SEQUENCE OF FTES OBSERVED BY CLUSTER
Similar reconnection jets at the trailing edge of the FTEs were reported by Paschmann et al. [1982] . These authors concluded that the presence of these reconnection jets at the trailing edge of the FTEs is difficult to be reconciled with the FTE motion in the Russell and Elphic [1978] model and could possibly indicate the presence of some dynamical process at the trailing edge of these FTEs. However, we note that Paschmann et al.'s observations preceded the development of the single X line mechanism [Scholer, 1988; Southwood et al., 1988] .
The axial orientations determined by the GS optimization process in section 5 show considerable spread and do not seem to be compatible with the magnetopause sections of the FTEs generated by the extended X line models (single or multiple). This GS optimization is generally considered reliable when P t is, with good approximation, a single-value function of A, such as during the FTEs in Figure 3 . The presence of the reconnection jets at the trailing edge of these FTEs should not alter much the hydrostatic equilibrium assumed by the GS reconstruction, since the Walén slope evaluated inside these FTEs, in the time intervals used for the GS analysis, is generally quite small, i.e., < 0.2, and only the FTE 7 has a Walén slope of≈ 0.4 (not shown). However, it should be mentioned that while it has been proven that this method finds the correct axial orientation for flux ropes, i.e., two-dimensional structures characterized by closed field lines in the transverse plane [Hu and Sonnerup, 2002] , as far as we know, it has never been tested with two-dimensional structures characterized by open field lines in the transverse plane, such as FTEs generated by single X line reconnection. For this reason, the orientations obtained from the GS optimization for these FTEs could be not reliable. Apart from FTE 9 (discussed below), it was only possible to verify one such axis (FTE 6) using a multispacecraft approach (section 6); the latter approach produced an axis for FTE 6 that was closer to the dawn-dusk orientation expected for the magnetopause section of the FTE expected in either the single or multiple X line model, although still tilted by ∼30 ∘ with respect to the M direction. As argued in section 6, this discrepancy can be explained if reconnection starts at different times, or occurs at different rates, along the X line ( Figure 7 ).
FTE 9 has several features that make it different from the other FTEs observed during this crossing. It is not associated with any reconnection jet. It is the only FTE for which all the different techniques performed in this paper and in the previous studies [Fear et al., 2010 [Fear et al., , 2012 consistently gave an axis approximately aligned with the X line. Moreover, it is detected by all the four Cluster spacecraft, and therefore, it is probably extended along the magnetopause, satisfying well the two-dimensional geometry assumed by the GS analysis. Furthermore, the velocity of this FTE is similar to the local magnetosheath velocity [Fear et al., 2010] , and this motion would be consistent with FTE 9 being formed by multiple X line reconnection [Ku and Sibeck, 2000] . The GS reconstruction based on Cluster 1 data (Figure 8) shows that this FTE is characterized by several closed field line loops in the reconstruction plane, which are associated with a strong axial core field. This topology produces, in three-dimensional space, a flux rope with nested helical field lines. This field topology is typical of that usually obtained from GS reconstruction of FTEs and suggests that this FTE has been formed by the multiple X line reconnection mechanism [Lee and Fu, 1985] . The cross section of this FTE is more elongated along the magnetopause plane than along the magnetopause normal. This feature, together with the lack of converging reconnection jets at the borders of the FTE, suggests that this FTE has been observed by Cluster 1 sometime after its formation, when reconnection at both X lines has already stopped.
Cluster 3 instead observed an asymmetric signature in the B N component during this FTE, which is referred to as an irregular polarity [Rijnbeek et al., 1984] . The reconstruction performed with Cluster 3 data ( Figure 9 ) shows several open field lines, which are bent toward the magnetospheric side only in the second half of the FTE, in correspondence with the negative (B N ) signature. The large velocity component normal to the magnetopause measured by Cluster 3 during this FTE suggests that Cluster 3 is far from the FTE during the first half of the reconstruction, and then the outward motion of the magnetopause brings Cluster 3 closer to the FTE center, when the negative B N signature is observed. The overall displacement of the magnetopause inferred from the average value of V N is comparable with the scale size of the FTE along the magnetopause normal.
Conclusions
In summary, we suggest that different generation mechanisms could be responsible for the formation of the FTEs sequentially observed by Cluster at the subsolar magnetopause during this event. Reconnection jets moving in the same direction of the FTEs are systematically associated with the trailing edge of these FTEs.
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